Tumor necrosis factor receptor-associated factor 3 (TRAF3),
Introduction
Tumor necrosis factor receptor-associated factor 3 (TRAF3), a member of the TRAF family of cytoplasmic adaptor proteins with E3 ligase activity, is ubiquitously expressed in various cell types of the immune system [1, 2] . It is broadly employed in signaling by a variety of adaptive and innate immune receptors as well as cytokine receptors [1, 2] . TRAF3 binds directly to almost all members of the tumor necrosis factor receptor (TNF-R) superfamily that do not contain death domains, including CD40, BAFF-R, TACI, BCMA, LT-βR, CD27, CD30, RANK, HVEM, EDAR, XEDAR, 4-1BB, OX-40, and GITR [1] . TRAF3 is indirectly recruited to the signaling complexes of pattern recognition receptors (PRRs) of the innate immune system through interactions with additional adaptor proteins, including MyD88 and TRIF for Toll-like receptors (TLRs), RIP2 for NOD-like receptors (NLRs), and MAVS for RIG-I-like receptors (RLRs) [1, [3] [4] [5] . TRAF3 also directly or indirectly regulates signaling by cytokine receptors, including receptors for M-CSF, GM-CSF, IL-2, IL-15, and IL-17 [1, 6, 7] . Consistent with the shared usage of TRAF3 by such a variety of immune receptors, increasing evidence from studies of conditional TRAF3-deficient mouse models demonstrates the REVIEW diverse and critical in vivo functions of TRAF3 in B and T lymphocytes of the adaptive immune system [1, 7] . We and Gardam et al. previously 
CD19
+/Cre ) mice exhibit severe peripheral B cell hyperplasia and autoimmunity, due to vastly prolonged B cell survival and constitutive activation of the NIK-NF-κB2 pathway [8, 9] . These mice eventually develop splenic marginal zone lymphomas (MZL) or B1 lymphomas by 18 months of age [10] . We also found that TRAF3 -/-B cells display enhanced production of cytokines and type I interferons (IFN) as well as elevated Ig isotype switching in response to signaling by TLR3, 4, 7/8, and 9 [11] . These observations indicate that TRAF3 is a critical regulator of peripheral B cell homeostasis and autoimmunity, and serves as an important tumor suppressor in B lymphocytes.
In contrast, T cell-specific TRAF3-deficient (T-TRAF3 -/-; TRAF3 flox/flox CD4-Cre) mice exhibit normal homeostasis of CD4 and CD8 T cells, but are defective in T cell-dependent IgG1 responses and in T cell-mediated immunity to infection with Listeria monocytogenes [12] . The defects in T cell-mediated immune responses are caused by compromised T cell receptor (TCR)/CD28 signaling in both TRAF3 -/-CD4 and CD8 T cells [12] . Interestingly, T-TRAF3 -/-mice contain markedly increased frequency and numbers of regulatory T cells (Treg) cells [12] , but decreased numbers of CD8 central memory T (Tcm) cells [13] and invariant natural killer T (iNKT) cells [14] . It was revealed that TRAF3 inhibits IL-2 signaling by facilitating the recruitment of the tyrosine phosphatase TCPTP to the IL-2 receptor complex to dephosphorylate Jak1, Jak3 and STAT5, thereby restraining thymic Treg development [15] . On the other hand, TRAF3 is required for TCR-induced expression of T-bet and CD122, two molecules required for IL-15 signaling, and as a consequence, IL-15-mediated homeostasis of CD8 Tcm cells and development of iNKT cells are impaired in T-TRAF3 -/-mice [13, 14] . Furthermore, Treg cell-specific TRAF3-deficient (Treg-TRAF3 -/-; TRAF3 flox/flox Foxp3-Cre) mice exhibit heightened formation of germinal centers (GCs) and increased production of high-affinity IgG antibodies, resulting from decreased numbers of follicular Treg cells (T FR cells) and increased numbers of follicular T helper cells (T FH cells) [16] . It is found that TRAF3 signaling in Treg cells is required to maintain high level expression of the inducible co-stimulator (ICOS), which in turn is essential for T FR cell generation in GCs and inhibition of antibody responses [16] .
Both T-TRAF3
-/-and Treg-TRAF3 -/-mice have increased numbers of CD4 effector/memory T cells, suggesting that TRAF3 -/-Treg cells might have defects in suppression of Th1 responses [7] . Collectively, the findings obtained from B-TRAF3   -/-, T-TRAF3   -/-, and Treg-TRAF3 -/-mice indicate that TRAF3 is a highly versatile regulator of different lymphocyte subpopulations in the adaptive immune system and thus adaptive immune responses.
Different from adaptive immune responses, inflammation and innate immunity are mainly mediated by myeloid cells, including granulocytes, monocytes, macrophages and dendritic cells (DCs) [17] . These cells constitutively or inducibly express a number of receptors of the TNF-R, TLR, NLR, and RLR families as well as cytokine receptors, whose signals are regulated by TRAF3 [1, 2, 6, 7, 17, 18] . In particular, macrophages represent a major type of innate immune cells that initiate inflammatory responses and host defense against infections by producing pro-inflammatory cytokines and type I IFN [18] . Although in vitro evidence indicates that TRAF3 regulates pro-inflammatory cytokine and type I IFN production in macrophages and DCs [19, 20] almost a decade ago, the in vivo functions of TRAF3 in the innate immune system had remained elusive. Now three laboratories have addressed this gap in knowledge by investigating myeloid cell-specific TRAF3-deficient (M-TRAF3   -/-;  TRAF3 flox/flox LysM +/Cre ) mice [21] [22] [23] . It is shown that young adult M-TRAF3 -/-mice have normal sized lymphoid organs and also normal frequency and numbers of myeloid cell populations in various hematopoietic compartments [21] . This indicates that specific ablation of TRAF3 in myeloid cells neither affects the development nor alters the homeostasis of myeloid cells in young adult mice [21] . However, evidence from all three groups indeed demonstrates that TRAF3 is a crucial intrinsic regulator of myeloid cell functions [21] [22] [23] .
Here we review the new findings about the multi-faceted regulatory roles of myeloid cell TRAF3 in inflammation, innate immunity, and tumor development, which identify TRAF3 as a novel tumor suppressor in macrophages.
TRAF3-mediated regulation of inflammatory responses in macrophages
The intensity and duration of macrophage-mediated inflammatory responses need to be tightly controlled to avoid tissue damage and inflammatory diseases [24] . Previous in vitro evidence suggests that TRAF3 acts as an anti-inflammatory factor in macrophages, as TLR-induced pro-inflammatory cytokine production is enhanced by TRAF3 deficiency in bone marrow-derived macrophages (BMDMs) and DCs [19, 20] . Consistent with the in vitro observations, M-TRAF3 -/-mice display elevated serum levels of the pro-inflammatory cytokines IL-6 and IL-12 but decreased serum levels of the anti-inflammatory cytokine IL-10 in response to i.p. injection with LPS (an agonist for TLR4) or polyI:C (an agonist for TLR3) [21] . Thus, TRAF3 deficiency in myeloid cells appears to favor pro-inflammatory responses following in vivo challenge with LPS or polyI:C. In support of this notion, aging M-TRAF3 -/-mice (15-22 months old) spontaneously develop chronic inflammation often affecting multiple organs, including the liver, gastrointestinal (GI) tract, lung, kidney, pancreas, and heart [21] . Furthermore, in the dextran sulfate sodium (DSS)-induced colitis model, M-TRAF3 -/-mice exhibit exacerbated colon inflammation, as demonstrated by reduced survival rate, worsened bodyweight loss, as well as more severe mucosal damage and colon shortening [22] . Indeed, colonic macrophages purified from the DSS-treated M-TRAF3 -/-mice express significantly higher levels of proinflammatory cytokines, including IL-6, IL-12 and IL-23 TRAF3 inhibits TLR-induced proinflammatory cytokine production in macrophages. In response to LPS stimulation, dimerized or oligomerized TLR4 recruits Mal and MyD88, which in turn recruits TRAF3 and the associated TRAF2-cIAP1/2 complex to the receptor signaling complex at the plasma membrane. This allows the activation of cIAP1/2 to target TRAF3 for K48-linked ubiquitination and degradation. Similarly, stimulation of TLR7 by ssRNA or stimulation of TLR9 by CpG DNA also recruits TRAF3 via MyD88, while engagement of TLR3 by dsRNA recruits TRAF3 via TRIF to the receptor signaling complexes at the endosome membrane. Recruitment of TRAF3 by dimerized or oligomerized TLRs via MyD88 or TRIF disrupts the interaction between TRAF3 and NIK, c-Rel, or IRF5. This results in the accumulation of NIK, c-Rel and IRF5, and subsequent activation of NF-κB2 (p52/RelB), p50/c-Rel, and IRF5, which promote the expression of the proinflammatory cytokines IL-6, IL-12, and IL-23 in stimulated macrophages. In addition, nuclear IRF5 also inhibits the expression of the anti-inflammatory cytokine IL-10. Ablation of TRAF3 from macrophages mimics TLR engagement and also releases NIK, c-Rel and IRF5 from the TRAF2-cIAP1/2 complexes, allowing the accumulation of NIK, c-Rel and IRF5. Therefore, TLR agonists induce enhanced production of the proinflammatory cytokines IL-6, IL-12 and IL-23 but decreased production of the anti-inflammatory cytokine IL-10 in TRAF3 -/-macrophages.
Transcription factors (p50/c-Rel and IRF5) that play major roles in driving the production of IL-6, IL-12 and IL-23 are shown in bold green arrows. TRAF3-independent TLR signaling pathways, including TRAF6-or TRAF2-induced activation of ERK1/2, p38, JNK1/2 and NF-κB1 (p50/RelA), are not depicted in the figures. [22] . Taken together, these in vivo data demonstrate that TRAF3 normally inhibits inflammation in macrophages and other myeloid cells.
To understand the mechanisms underlying TRAF3-mediated inhibition of proinflammatory cytokine production, several groups have carefully compared the early signaling events of TLR4 engagement in macrophages in the presence or absence of TRAF3. It was previously proposed that TRAF3 inhibits TLR4-induced activation of mitogen-activated protein kinases (MAPKs) in a model whereby TRAF3 degradation is required for the release of the TAK1 signaling complex from the membrane receptor into the cytosol to activate the MAPK signal cascades [2, 25] . However, TLR4-induced activation of MAPKs, including JNK1/2, ERK1/2, and p38, is neither enhanced nor prolonged but appears to be normal in different models of TRAF3-deficient macrophages [19, 21, 22] . [19, 21, 22] . Therefore, the elevated production of the proinflammatory cytokines IL-6, IL-12 and IL-23 in response to TLR4 stimulation observed in TRAF3-deficient macrophages could not be attributed to the hyperactivation of MAPKs. These data argue against an inhibitory role for TRAF3 in TLR4-induced activation of MAPKs as previously proposed.
In contrast to the unaltered MAPK activation, constitutive activation of the noncanonical NF-κB (NF-κB2) pathway was consistently detected in TRAF3-deficient macrophages and neutrophils as demonstrated by enhanced accumulation of NIK and processing of NF-κB2 (from p100 to p52) as well as increased nuclear levels of the p52-RelB dimer [21, 22] . In fact, constitutive processing of NF-κB2 from the inactive precursor p100 to the active p52 observed in TRAF3-deficient macrophages and neutrophils is as robust as that observed in TRAF3-sufficient counterparts after TLR4 stimulation [21] . Constitutive processing of NF-κB2 results from accumulation of NIK, as NIK was previously demonstrated to be targeted for K48-linked ubiquitination and proteasome-mediated degradation by the TRAF3-TRAF2-cIAP1/2 complex in resting cells [1, 2] . The NIK-NF-κB2 pathway has been shown to mediate inflammation in epithelial cells and hepatocytes [26, 27] . However, Jin et al. demonstrated that the enhanced TLR4-induced proinflammatory cytokine production is not reversed by the ablation of NIK, with the exception of IL-23 that is partially downregulated in the NIK-null background [22] . Thus, constitutive activation of the NIK-NF-κB2 pathway only plays a minor role in mediating the hyper-induction of the proinflammatory cytokine IL-23 in TRAF3-deficient macrophages in response to TLR4 stimulation [22] (Fig. 1 ).
Similar to NIK, two transcription factors essential for the expression of proinflammatory cytokines, the NF-κB member c-Rel [28, 29] and the interferon regulatory factor 5 (IRF5) [30] , are also targeted for degradation by TRAF3 in resting macrophages [22] . Both IRF5 and c-Rel have been associated with human inflammatory diseases [22, 28, 30] . As revealed by Jin et al., TRAF3 constitutively binds to c-Rel and IRF5, and therefore is responsible for recruiting c-Rel and IRF5 to the TRAF3-TRAF2-cIAP1/2 complexes [22] . In these complexes, the E3 ligases cIAP1/2 catalyze the K48-linked ubiquitination on c-Rel and IRF5, thereby targeting them for proteasome-mediated degradation in resting macrophages [22] (Fig. 1) . Indeed, elevated protein levels of c-Rel and IRF5 are observed in both TRAF3-and TRAF2-deficient macrophages in the absence of stimulation [22] . TRAF2
-/-macrophages also exhibit hyper-induction of proinflammatory cytokines in response to TLR4 stimulation and M-TRAF2 -/-mice are also more susceptible to DSS-induced colon inflammation [22] . In line with these observations, the cIAP inhibitor SMAC mimetics (SM) causes marked accumulation of c-Rel and IRF5, and has proinflammatory actions on macrophages [22, 31] . It is known that c-Rel is specifically required for TLR-stimulated expression of IL-12 and IL-23 [22, 28, 29] . Similarly, IRF5 mediates the expression of multiple proinflammatory cytokines, including IL-6, IL-12, and IL-23, and inhibits the expression of the anti-inflammatory cytokine IL-10 [22, 30] ( Fig. 1 ). Taken together, the above findings support the model that stabilized c-Rel and IRF5 are the major transcription factors that drive the hyper-induction of the proinflammatory cytokines IL-6, IL-12, and IL-23 in TRAF3-or TRAF2-deficient macrophages in response to TLR agonists (Fig. 1 ).
Interestingly however, Chen et al. reported that the anti-inflammatory function of TRAF3 in macrophages is not static, but is dynamically modulated according to the metabolic states [23] . Macrophages in adipose tissue and the liver are the major mediators of metabolic inflammation, promoting insulin resistance and metabolic disease progression in obesity [32] . Obesity is associated with chronic, low-grade inflammation, which contributes to insulin resistance and metabolic disease [32] . Chen et al. found that myeloid cell-specific deletion of TRAF3 has opposite effects on inflammation between lean and obese mice [23] . In lean mice, myeloid cell-specific deletion of TRAF3 increases the expression of proinflammatory cytokines in the liver and adipose tissue [23] . In contrast, TRAF3 deficiency in myeloid cells decreases the expression of proinflammatory cytokines in the liver and adipose tissue of obese mice, and largely prevents high-fat diet (HFD)-induced inflammation in these metabolic tissues [23] . Consequently, M-TRAF3 -/-mice exhibit significantly attenuated insulin resistance and hepatic steatosis in models of either genetic (ob/ob) or HFD-induced obesity [23] . Chen et al. also showed evidence to suggest that in obese state, TRAF3 may promote metabolic inflammation by increasing the expression of proinflammatory cytokines in myeloid cells and by facilitating macrophage infiltration into metabolic tissues [23] . Thus, during metabolic inflammation and obesity progression, TRAF3 functionally switches its activity from anti-inflammatory to pro-inflammatory modes in macrophages, thereby coupling overnutrition to metabolic inflammation, insulin resistance, and metabolic disease [23] .
In addition to TLRs, other receptors that directly interact with TRAF3 or indirectly recruit TRAF3 are also likely involved in and contribute to the inflammatory phenotypes observed in M-TRAF3 -/-mice, including the spontaneous inflammatory diseases of aging M-TRAF3 -/-mice, exacerbated colitis of DSS-treated M-TRAF3 -/-mice, and attenuated metabolic inflammation and hepatic steatosis of obese M-TRAF3 -/-mice [21] [22] [23] . Under the above disease conditions, cytokines secreted by inflammatory cells, toxic metabolites and damage-associated molecular patterns (DAMPs) released from aberrant or dead cells, and pathogen-associated molecular patterns (PAMPs) derived from commensal microbiota would engage their cognate receptors. These may trigger multiple signaling pathways that converge at TRAF3 to regulate inflammation. For example, markedly elevated serum levels of IL-17, a potent proinflammatory cytokine, were detected in aging M-TRAF3 -/-mice with inflammatory diseases [21] . It has been previously shown that TRAF3 inhibits IL-17 receptor signaling by interfering with the IL-17R-Act1-TRAF6 complex formation [1, 33] and that IL-17 receptors are up-regulated in inflammatory macrophages [34] . This suggests that TRAF3 may inhibit IL-17-induced inflammatory responses in macrophages in disease progression. Interestingly, TRAF3 has also been reported to participate in inflammation-related signaling by CD40 [35] , lymphotoxin-β receptor (LTβR) [36] , IL-1R [37] , and NLRP12 [38] in macrophages. Therefore, engagement of multiple TRAF3-employing receptors on macrophages likely occurs simultaneously or sequentially in the pathogenesis of inflammatory diseases, which represents an important area for future investigation.
Requirement of TRAF3 in type I IFN production and innate immunity
Innate immunity provides the first line of protection against infectious microorganisms such as bacteria and viruses, which are recognized by pattern recognition receptors (PRRs), including TLRs, NLRs, and RLRs [1, 39, 40] . Detection of microorganisms triggers signaling cascades leading to the production of type I IFN, which is pivotal for the initiation of an anti-microbial state of the host [1, 39, 40] . Previous in vitro evidence indicates that TRAF3 is required for the innate anti-viral responses and type I IFN production triggered by TLRs or RLRs in macrophages and DCs [19, 20, 41] . In response to engagement of TLRs or RLRs, TRAF3 serves as a critical link between the upstream adaptor proteins of receptors (TRIF or MyD88 for TLRs; MAVS for RLRs) and downstream activating kinases TBK1-IKKε or IRAK1-IKKα [1, 25, 39] (Fig. 2) . Recruitment of TRAF3 by TLR or RLR signaling complexes activates the E3 ligase activity of TRAF3 to catalyze its own K63-linked ubiquitination, and subsequently mediates the activation of TBK1-IKKε or IRAK1-IKKα, which in turn phosphorylate and activate key transcription factors IRF3 and IRF7 to drive type I IFN production [1, 25, 39] (Fig. 2) . Consistent with previous observations, TLR4-induced expression of Ifnb and Ifna4 is almost abolished and phosphorylation of IRF3 is markedly reduced in BMDMs and PEMs derived from M-TRAF3
-/-mice [21, 22] . However, we noticed that phosphorylation of IRF3 is still significantly induced by TLR4 stimulation in TRAF3 -/-BMDMs and PEMs [21] , suggesting that reduced IRF3 activation is not the sole contributor of defective type I IFN production observed in these cells and additional mechanism(s) are involved.
Indeed, Jin et al. obtained the interesting finding that another signaling pathway affected by TRAF3 deletion, constitutive activation of NIK-IKKα-NF-κB2, also contributes to the defective type I IFN production observed in TRAF3
-/-macrophages [6] . A variety of mouse models genetically deficient in this pathway all exhibit hyper-induction of type I IFN in macrophages in response to TLR or RLR ligands and are substantially more resistant to vesicular stomatitis virus (VSV) infection [6] . These mouse models include Map3k14 -/-(NIK-deficient) mice, Chuk -/-(IKKα-deficient) mice, Nfkb2 xdr (deficient in NF-κB2 expression because of a splicing-disruptive mutation of the Nfkb2 gene) mice, and Nfkb2 lym1 (deficient in NF-κB2 processing because of a mutation of the Nfkb2 gene that causes the loss of the C-terminal phosphorylation site on p100) mice [6] . In contrast, macrophages derived from NIK∆T3-transgenic mice overexpressing a stable form of NIK, which lacks its TRAF3-binding motif and thus results in constitutive activation of IKKα-NF-κB2, show remarkably impaired production of type I IFN in response to TLR agonists [6] . Jin et al. further revealed that NF-κB2 suppresses TLR or RLR-induced histone modifications at the Ifnb promoter, an action that involves attenuated recruitment of the transactivator RelA and the histone demethylase JMJD2A [6] . It is known that JMJD2A, recruited to the Ifnb promoter by RelA, induces activating modifications of histone H3 such as trimethylation of H3K4 (H3K4me3) and H3 acetylation (H3Ac), and also decreases the repressive histone modifications such as H3K9me2 and H3K9me3 [6, 42] . Elevated nuclear levels of NF-κB2 (p52-RelB) lead to inhibition of RelA-JMJD2A recruitment to the Ifnb promoter, as p52-RelB bind to the Ifnb promoter more strongly than RelA [6] (Fig. 2) . Consequently, RelA-JMJD2A-mediated activation of chromatin structures at the Ifnb promoter is suppressed by constitutive NF-κB2 activation, which is present in TRAF3 -/-macrophages [21, 22] . Taken together, TRAF3 promotes TLR-or RLR-induced type I IFN production by facilitating the phosphorylation of IRF3 and IRF7 via its adaptor function and E3 ligase activity, and also by suppressing the inhibitory roles of the NIK-IKKα-NF-κB2 pathway via targeting NIK for degradation (Fig. 2) .
In addition to its requirement in type I IFN production, TRAF3 also plays a critical role in mediating the apoptosis-associated specklike protein (ASC)-dependent inflammasome activation in macrophages upon RNA virus infection as demonstrated in a recent study by Guan et al. [43] . It is revealed that engagement of RIG-I by RNA viruses induces the formation of a new MAVS-TRAF3-ASC complex, in which TRAF3 serves as a direct E3 ligase to catalyze K63-linked ubiquitination on Lys174 of ASC [43] . Ubiquitination of ASC by TRAF3 is vital for ASC protein stabilization, speck formation and inflammasome activation, leading to caspase 1 activation and the subsequent processing and secretion of IL-1β and IL-18 [43] . Deficiency in TRAF3 or MAVS impairs ASC ubiquitination and cytosolic speck formation, resulting in reduced inflammasome activation and decreased IL-1β secretion in macrophages upon infection with VSV or influenza virus [43] . Intriguingly, TRAF3 and MAVS appear to be specifically required for inflammasome activation induced by RNA virus infection, but dispensable for inflammasome activation induced by NLRP3 activators such as calcium pyrophosphate dihydrate (CPPD) and monosodium urate (MSU) [43] . Therefore, TRAF3 plays multiple positive roles in innate anti-viral responses mediated by macrophages.
Under normal conditions and in healthy individuals, the magnitude and duration of induction of both type I IFN and pro-inflammatory cytokines are tightly controlled in response to either endogenous ligands or infectious microbes to prevent tissue injury [1, 2, 24, 40] . Imbalanced production of pro-inflammatory cytokines versus type I IFNs has been implicated in the pathogenesis of immunological disorders, such as inflammatory diseases, autoimmune diseases, and infectious diseases [1, 2, 24, 40] . The unique positive roles of TRAF3 in type I IFN production but negative roles in proinflammatory cytokine production poise it at the center for fine-tuning of these responses [1, 2] . In support of this notion, the expression, stability, activity, and subcellular localization of TRAF3 are subjected to delicate regulation by a number of cellular proteins, including receptors, K48 or K63-linked E3 ubiquitin ligases, deubiquitinating enzymes (DUBs), kinases, phosphatases and other adaptor proteins [1, 40] . Signaling via TLR2 remarkably up-regulate TRAF3 at both mRNA and protein levels in macrophages [44] , while activation of CD40, LTβR, TLR4, estrogen receptor α (ERα), or M-CSFR results in the degradation of TRAF3 proteins [1, 2, 6, 45] . Upon different receptor signaling, E3 ligases that catalyze the ubiquitination of TRAF3 include cIAP1/2, Triad3A, and TRAF3 itself, and DUBs that remove the ubiquitin chains from TRAF3 include DUBA, OTUB1, OTUB2, MCPIP1, and USP25 [1, 46] . In innate immune responses, the kinases c-Src and Syk as well as the protein tyrosine phosphatase nonreceptor type 22 (PTPN22) can directly bind to TRAF3 and modulate its activity [47] [48] [49] . Furthermore, numerous adaptor proteins either facilitate or interfere with the complex formation of MAVS-TRAF3-TBK1-IKKε or TRIF-TRAF3-TBK1-IKKε in response to infections. Examples of such adaptor proteins include TANK [50, 51] , TRADD [52] , UXT-V1 [53] , DOK3 [54] , A20 [55] , TAX1BP1 [55] , UBXN1 [56] , optineurin [57] , TRAM [58] , and FLN29 [59] . Therefore, TRAF3 is a central regulatory point for optimal innate immune responses.
Although in vivo infection studies on M-TRAF3
-/-mice are still lacking, we found that some aging M-TRAF3 -/-mice spontaneously develop bacterial or entamoeba infections in the intestine/colon, liver, and lung, which are most likely caused by opportunistic strains of commensal microbiota (termed "pathobionts") [21] . Pathobionts may trigger TRAF3-dependent signaling pathways via TLRs in macrophages, neutrophils and DCs [60] [61] [62] . Defective type I IFN production in TRAF3 -/-myeloid cells in response to TLR signaling may occasionally allow colonization of commensal bacteria or entamoeba following opportunistic penetration of protective mucosal and epithelial barriers [21] . This indicates that innate immunity is evidently altered by ablation of TRAF3 from myeloid cells. The importance of TRAF3 in innate immunity is also highlighted by the evidence that a variety of viral and bacterial proteins target TRAF3 for inactivation. These include Lb(pro) of foot-and-mouth disease virus, X protein (HBx) of hepatitis B virus, UL36 of herpes simplex virus 1 (HSV-1), Tat protein of HIV-1, Gn protein of NY-1 hantavirus, M protein of severe acute respiratory syndrome coronavirus, and YopJ of the Gram-bacterium Yersinia pestis [1] . All these pathogenic proteins target TRAF3 and thus inhibit IRF3 phosphorylation and type I IFN production [1] . Given the above evidence, future studies are required to determine the in vivo responses of M-TRAF3 -/-mice to infectious agents, and especially co-infections or sequential infections by different pathogens, such as bacteria and viruses that engage different innate immune receptors.
TRAF3: a novel tumor suppressor gene in macrophages
Of particular interest, we found that the majority of M-TRAF3 -/-mice, but none of the TRAF3-sufficient littermate control mice, spontaneously develop tumors that often infiltrate multiple organs at the age of 15 -22 months [21] . Tumors observed in M-TRAF3 -/-mice include histiocytic sarcomas, B cell lymphomas, and hepatocellular adenoma [21] . Among these, histiocytic sarcomas are derived from TRAF3-deficient tissue-resident macrophages [21] . Histiocytic sarcoma (HS) in humans is a rare malignancy with a dismal prognosis, and its pathologic and cytogenetic data are sparse [63] [64] [65] . Because the genetic etiology of HS is largely unknown and patients with HS respond poorly to conventional chemotherapy, there is no standard therapy for human HS [63] [64] [65] . In M-TRAF3 -/-mice with histiocytic sarcomas, whitish nodules of tumors are observed in the liver, and tumor cells are also identified as the major cell type in the spleen and disrupt the splenic architecture [21] .
TRAF3
-/-histiocytic sarcomas have the typical morphology of HS cells with abundant eosinophilic cytoplasm, and accompanied by frequent mitotic figures and occasional multinucleated giant cells and erythrophagocytosis [21] (Lalani and Xie, unpublished data). Immunophenotypically,
-/-HS cells are identified as CD68 + MHC class II + CD11b low Gr-1 low , and are negative for markers of the B and T lymphoid lineages, including B220, CD19, IgM, CD3, CD4, and CD8 [21] (Lalani and Xie, unpublished data). How TRAF3 deficiency leads to malignant transformation of histiocytes remains to be investigated. We speculate that TRAF3 deficiency may gradually cause prolonged survival or increased proliferation of histiocytes, and eventually result in the development of HS in M-TRAF3 -/-mice. Regardless of the detailed mechanisms, the spontaneous malignant transformation of tissue-resident macrophages observed in M-TRAF3 -/-mice points to a tumor suppressive role of TRAF3 in macrophages.
Similar to M-TRAF3
-/-mice, several other mouse models were previously reported to spontaneously develop histiocytic sarcomas, including p21 -/- [66] , Cyp1b1 -/- [67] , p19ARF
,
, Dok1
Dok3
-/- [69] , and humanized TLR7/TLR8 transgenic [70] mice, implicating these genes in the pathogenesis of HS. Among these, TRAF3 is functionally linked to TLR7, TLR8, and DOK3 [1, 54] . TRAF3 is recruited to the TLR7 and TLR8 signaling complex through direct interaction with MyD88 [1] (Fig. 2) . Snyder et al. found that transgenic expression of human TLR7/TLR8 in mice deficient for endogenous TLR7/TLR8 drives proliferative histiocytosis with multisystemic infiltration of histiocytes that efface normal tissue architecture [70] . Compound deletion of MyD88 in humanized TLR7/TLR8 transgenic mice prevents the inflammatory phenotype and the development of HS, suggesting that the illness is caused by constitutive activation of humanized TLR7/TLR8 and exuberant MyD88-mediated signaling [70] . Interestingly, a recent study by Kim et al. identified TRAF3 as a new interacting protein for DOK3, a negative regulator of protein tyrosine kinase-mediated signaling [54] . As observed in TRAF3 -/-macrophages, DOK3
-/-macrophages are also impaired in IRF3 phosphorylation and IFNβ production upon influenza virus infection or polyI:C stimulation [54] . Some DOK3 -/-mice exhibit abnormal accumulation of macrophages in the lung, and Dok1
-/-mice succumb to spontaneous HS at a high incidence [69] . Taken together, the above findings reinforce the notion that dysregulation of TRAF3-dependent signaling pathways in macrophages contributes to the pathogenesis of histiocytic sarcoma.
We noticed that tumors are not only derived from TRAF3-deficient histiocytes, but also originate from other TRAF3-sufficient cell types that are not affected by LysM-Cre-mediated deletion, including B cells and hepatocytes, in M-TRAF3 -/-mice [21] . This is in sharp contrast to that observed in B-TRAF3 -/-mice, in which tumor development is limited to TRAF3-deficient B cells but is not observed in other TRAF3-sufficient cell types [10] . These findings suggest that myeloid cell TRAF3 may contribute to tumor surveillance and tumor immunity. Interestingly, B cell lymphomas observed in M-TRAF3 -/-mice include diffuse large B cell lymphomas (DLBCLs) and follicular lymphomas (FLs), which are derived from GC or post-GC B cells [21] . During GC reaction, both somatic hypermutation (SHM) and class switch recombination (CSR) of the Ig genes generate double strand DNA breaks (DSBs), which increase the risk of genomic instability in B cells [71] [72] [73] . It is conceivable that B cells acquired oncogenic alterations during GC passage may escape the compromised tumor surveillance and develop into lymphomas in M-TRAF3 -/-mice. In this regard, defective type I IFN production in TRAF3 -/-myeloid cells in response to TLR-MyD88/TRIF or RLR-MAVS signaling, triggered by DAMPs derived from necrotic cancer cells, may result in compromised tumor surveillance and tumor immunity [1, [74] [75] [76] . Paradoxically however, TRAF2, another TRAF molecule that has many overlapping functions with TRAF3, was recently reported to play negative roles in myeloid cell-mediated tumor immunity [22] . Jin et al. showed that myeloid cell-specific TRAF2-deficient (M-TRAF2 -/-; TRAF2 flox/flox LysM +/Cre ) mice are more potent in controlling the growth of inoculated B16 melanomas than wild type mice [22] . M-TRAF2 -/-mice contain increased frequency and numbers of tumor-infiltrating IFN-γ + CD4 and CD8 effector T cells, and TRAF2
-/-tumor-associated macrophages exhibit elevated levels of iNOS production [22] . These changes lead to more effective inhibition on the growth of inoculated tumor in M-TRAF2 -/-mice [22] . In this context, it would be interesting to examine the roles of myeloid cell TRAF3 in tumor surveillance and tumor immunity using M-TRAF3 -/-mice as model systems in future studies.
In addition to its effects on tumor surveillance/immunity, myeloid cell TRAF3 may suppress tumor development through its functions on containing overt inflammation and preventing chronic inflammation. Consistent with this possibility, M-TRAF3 -/-mice with spontaneous tumors often also contain chronic inflammation in multiple organs [21] . For example, several M-TRAF3 -/-mice with B lymphomas displayed lung, liver or intestine/colon inflammation, and an M-TRAF3 -/-mouse with hepatocellular adenoma also had pancreatitis and pericardial inflammation [21] (Lalani and Xie, unpublished data). It is known that chronic inflammation is a strong risk factor for cancer [77] [78] [79] [80] . We detected remarkably elevated levels of a number of cytokines and chemokines in M-TRAF3 -/-mice with tumors, including CXCL-13, G-CSF, CCL1, IL-16, IL-17, IP-10, MCP-1, MCP-5, CXCL9, TIMP-1, and TREM-1, which have been implicated in the pathogenesis of inflammatory diseases and cancers [81] [82] [83] [84] [85] [86] . These proinflammatory cytokines and chemokines may stimulate tumor growth and also promote angiogenesis to accelerate tumor progression, invasion, and metastasis [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] . Furthermore, the chronic inflammatory environment of M-TRAF3 -/-mice may also induce mutations [77] [78] [79] [80] -/-mice with spontaneous tumors or chronic inflammation [21] . Although the increased population of CD11b + Gr-1 + MDSCs may be a consequence of spontaneous inflammation and tumor development [87] [88] [89] [90] , emerging new evidence suggests that TRAF3 may regulate the expansion and function of MDSCs. First, Parker et al. found that an endogenous agonist of the TRAF3-dependent receptor TLR4, HMGB1, is commonly present in the tumor microenvironment and potently promotes the generation and suppressive activity of MDSCs [91] . Second, Jin et al. demonstrated that upon ligand stimulation, TRAF3 is recruited to M-CSFR and GM-CSFR, which are known to play essential roles in regulating the development and differentiation of MDSCs [6, 92, 93] . Signaling by M-CSFR or GM-CSFR induces the degradation of TRAF3 and subsequent accumulation of c-Rel and p52 NF-κB2 [6, 22] . Third, Yu et al. reported that c-Rel and p52 NF-κB2 cooperatively bind to the promoter region of the Csf2 gene to induce the production of GM-CSF in Th17 cells, raising the interesting possibility that this may also occur in certain myeloid cell populations [94] . Increased GM-CSF production has been shown to cause the expansion of MDSCs [95] .
Finally, constitutive activation of NF-κB2 has been shown to promote the immuno-suppressive activity of MDSCs by mediating the expression of IDO, an enzyme that catalyzes the degradation of tryptophan through the kynurenine pathway to suppress T cell proliferation and activation [96] . Collectively, the above evidence suggests the importance of TRAF3 in regulating the expansion and function of MDSCs, which are recognized as crucial drivers of tumor progression and chronic inflammation in the tumor microenvironment [87, 88, 90, 97, 98] . In summary, TRAF3 may function as a tumor suppressor in myeloid cells directly by acting in an intrinsic manner to inhibit the malignant transformation of histiocytes, or indirectly by controlling tumor development via multiple mechanisms. These indirect mechanisms of myeloid cell TRAF3-mediated tumor suppression include participating in tumor surveillance and tumor immunity, restricting the magnitude of inflammation and preventing chronic inflammation, and suppressing the expansion and function of MDSCs. All of these potential mechanisms are exciting areas for future exploration.
TRAF3 in human tumors, inflammatory diseases, and infectious diseases
The new findings obtained from in vivo studies of M-TRAF3 -/-mice by all three laboratories indicate that aberrant functions of TRAF3 in myeloid cells may contribute to the pathogenesis of tumors, inflammatory diseases, metabolic diseases, and infectious diseases [21] [22] [23] . However, evidence of TRAF3 mutations or malfunctions in myeloid cells of human patients is still very limited. Previous efforts on human Traf3 gene mutations have been mainly focused on B cell malignancies considering the instrumental roles of TRAF3 in B cell survival/apoptosis as revealed by investigation of B-TRAF3 -/-mice [1, 99] . Somatic biallelic deletions and inactivating mutations of Traf3 have been detected in a variety of human B cell neoplasms, including multiple myeloma, MZL, B cell chronic lymphocytic leukemia, mantle cell lymphoma, DLBCL, Waldenström's macroglobulinemia, and Hodgkin lymphoma [1, [99] [100] [101] . Deletions and missense mutations of Traf3 have also been reported recently in two types of human carcinomas, the Epstein Barr virus-associated nasopharyngeal carcinoma and papillomavirus-associated head and neck squamous cell carcinomas [102, 103] . Additionally, a genome-wide association study (GWAS) identified Traf3 as a high-confidence candidate gene associated with multiple sclerosis, a neurological disease with prominent inflammation [104] . However, to date only one publication reports a germline mutation of human Traf3 that directly affects the function of macrophages and DCs [105] . In this case, a heterozygous Traf3 autosomal dominant mutation (R118W in the first zinc-finger domain) was found in a young adult with a history of herpes simplex virus-1 encephalitis in childhood. This Traf3 mutation results in impaired TLR3-induced type I IFN production in macrophages, DCs, and fibroblasts [105] . Together, available evidence suggests that most functions of TRAF3 are conserved between mice and humans.
Given the stringent control of TRAF3 protein levels and activities observed under normal circumstances, altered protein levels or activation of the TRAF3 protein in myeloid cells may also contribute to disease pathogenesis. Indeed, elevated protein levels of TRAF3, TRAF2, and TRAF5 were reported in human patients with inflammatory bowel diseases, and increased TRAF2 was identified as a predictor of relapse in patients with ulcerative colitis [106, 107] . In contrast, expression of TRAF3 is significantly decreased in peripheral blood mononuclear cells of patients chronically infected with hepatitis B virus as compared to that observed in healthy controls [108] . Overall, available information in this area is scattered. Therefore, further efforts are required to systematically examine the existence and frequency of alterations of TRAF3 and other components of TRAF3-dependent signaling pathways at the genetic, epigenetic, and protein as well as activity levels in myeloid cells in human patients with tumors, inflammatory diseases, metabolic diseases, and infectious diseases. Such studies will provide groundwork for therapeutic development of new targeted therapies to manage human diseases and improve patient outcome.
Conclusions
Substantial progress has recently been made in elucidating the in vivo functions of TRAF3 in macrophages and other myeloid cells. Evidence obtained by three laboratories together demonstrates that specific ablation of TRAF3 in myeloid cells leads to inflammatory diseases, altered progression of diabetes, and spontaneous development of different types of tumors and infections in mice. These new findings indicate that myeloid cell TRAF3 acts as an anti-inflammatory factor, and is required to resist infections and control development of hematopoietic and solid tumors. In conclusion, these studies identify TRAF3 as a critical regulator of inflammation and innate immunity, and notably, also a novel tumor suppressor in macrophages. Although information about TRAF3 mutations or malfunctions in human macrophages is limited, available evidence indicates that TRAF3 mutation and aberrant expression exist in myeloid cells of human patients with viral infectious diseases and inflammatory bowel diseases. Therefore, the functions of TRAF3 in myeloid cells appear to be conserved between mice and humans, suggesting that findings obtained from M-TRAF3 -/-mice may be extrapolated to human diseases and merit further systematic investigations of TRAF3 in human patients. Furthermore, TRAF3 is now recognized as a converging point of numerous signaling pathways, including the TNF-R superfamily, TLRs, RLRs, and cytokine receptors. It would thus be especially interesting to further decipher how TRAF3 integrates or modulates different signals in situations that simultaneous or sequential engagement of multiple receptors occurs on macrophages and DCs, such as chronic inflammation, co-infections, or tumorigenesis. Deeper mechanistic insights into TRAF3 signaling pathways will be valuable for understanding the molecular pathogenesis of TRAF3-associated diseases, and will provide new opportunities for developing effective therapeutic modalities for chronic inflammation, infection, and cancer.
